Fluorinated room temperature ionic liquids (FRTILs) represent a class of solvent media that is attracting great attention due to the IL-specific properties as well as features stemming from their fluorous nature. Medium-to-long fluorous tails constitute a well-defined apolar moiety in the otherwise polar environment. Similarly to the case of alkyl tails, such chains are expected to deliver the formation of self-assembled fluorous domains. So far, however, no direct experimental observation could be done of the existence of such structural heterogeneities at the nm scale. We report here the first experimental evidence of the existence of mesoscopic spatial segregation of fluorinated domains, on the basis of highly complementary X-ray and neutron scattering data sets (highlighting the importance of the latter probe) and NMR spectroscopy. Data are interpreted using atomistic Molecular Dynamics simulations, emphasizing the existence of a selfassembly mechanism that delivers segregated fluorous domains, where preferential solubilisation of fluorinated compounds can occur, thus paving the way to several smart applications.
Introduction
Fluorinated compounds represent a technologically relevant class of materials 1 . They possess peculiar properties that make them attractive for a wide variety of fields including surfactants 2, 3 , bio-medicine 4, 5 , biphasic (bio-)catalysis [6] [7] [8] [9] [10] [11] [12] and synthesis [13] [14] [15] [16] [17] [18] , gas absorption 4, [19] [20] [21] etc. Selectively functionalised compounds with fluorinated moieties might then play a major role in acting as interfaces between fluorous and more conventional solvents aiming at contacting otherwise immiscible media. In this respect fluorinated room temperature ionic liquids (FRTILs, or FILs, when melting point is above RT) are attracting great attention in the last few years, as they show several interesting properties that are inherited from both their ionic and fluorinated nature. For example, recently a first review contribution showed the relevance of FILs in addressing several high impact fields, such as recovery of fluorinated compounds, CO 2 capturing and biomedical applications. 22 Therein, mention was made to the first reports describing the synthesis of FILs 23, 24 and the peculiar features of this class of ionic compounds, as compared to their equivalent non fluorous counterparts. Aiming at developing task-specific ILs with specific activity triggered by appropriate functionalisation, Davis and co-workers prepared a series of imidazolium based ILs bearing two side chains, one of them being fluorinated. 24 This kind of FIL has been studied by different groups that aimed for example to describe structural and other kind of properties using a merging of experimental and computational techniques [25] [26] [27] [28] [29] [30] Other ILs containing fluorous moieties have been proposed later on (see e.g. [31] [32] [33] [34] ). More recently different investigations focused on ILs containing fluorinated anions 22, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Among these studies some focused on symmetric bis(perfluoroalkanesulfonyl)-amide (C n F 2n+1 SO 2 ) 2 N anions (hereinafter indicated as [IM xx ], where x corresponds to the perfluoro alkyl chain length), paired with the diethylmethyl(2-methoxyethyl)ammonium (hereinafter indicated as [DEME]) cation. ILs based on the latter cation have been investigated in several studies [52] [53] [54] [55] [56] [57] [58] , while the symmetric anions bearing long fluoroalkyl chain have been less carefully investigated 45, 47, 48, 51, 59 .
The systematic investigation by one of the authors explored a series of RTILs bearing [DEME] 35 and
Margulis et al. 36 evidenced that ILs bearing a fluorous anion with long enough perfluoroalkyl tail are characterised by a distinct low Q peak in their X-ray scattering pattern. This evidence was rationalised in terms of the mutual segregation of alkyl and perfluoroalkyl tails that tend to self-exclude themselves and self-assemble into alkyl and fluorous domains. On the other hand it was acknowledged in refs. 35, 36 that the existence of a strong hydrogen bond correlation between opposite ionic species in the system under study (that also raised notably the IL's melting point above room conditions) can be well considered as a driving force towards the selfexclusion and segregation of the two different kinds of alkyl chains. In a related study, some of us showed that a series of RTILs (that are liquid at ambient conditions and behave as good ILs) bearing the asymmetric fluorinated anion [IM 14 ] are characterised by an essentially featureless X-ray diffraction pattern at room conditions, but develop a distinct low Q peak, associated to the segregation of the fluorous tails, when decreasing temperature. 43 That was a first indication of fluorous domains in RTILs; on the other hand the fingerprint of such a domains formation could be detected only below 250 K. experiments were conducted at the 11-ID-C beamline at the Advanced Photon Source, Argonne National Laboratory. Measurements were conducted using an X-ray wavelength of 0.11165 Å. CeO 2 was used as a calibrant. Samples were inserted into 2 mm diameter quartz capillaries and maintained at ambient temperature during the whole course of the measurements (typically between 20 and 40 minutes). Empty capillary contribution was subtracted and various corrections including detector sensitivity and Compton scattering were applied using the PDFgetX2 software.
68
Small Angle Neutron Scattering. Small Angle Neutron Scattering experiments (SANS) measurements were performed at the small-angle scattering instrument V4 which is placed in the cold neutron guide of Helmholtz-Zentrum Berlin (HZB). The magnitude of the scattering vector is defined as Q = (4π/λ)(sinθ) with λ being the wavelength and 2θ the scattering angle. The measured neutron flux of the V4 is ~10 6 cm -2 .s -1 for the wavelength used, λ = 4.5 Å. 69 The scattering data was obtained at one sample detector distance of 1.0 m, which yields a total momentum transfer range of 0.5 nm -1 < Q < 8 nm -1 . For further information regarding the V4 instrument and its resolution the reader is referred to references 69, 70 . The samples were placed into circular quartz cuvettes with inner spacing of 1 mm and placed in the beam for measurement. A Cd aperture of 13 mm was used for the scattering measurements. The 2D scattering data was reduced to a scattering curve (dΣ/dΩ(Q) vs. Q; hereinafter indicated as I(Q) vs Q) by means of the BerSANS software. The raw data is then were performed using the inverse-detected pulse sequence 72 with 400 increments in the t1 dimension and sixteen scans for each experiment. Thirteen experiments were performed with mixing times in the range 20 ms -1.2 s. The 2D data sets were processed with SI2=2K points and SI1=512 points. Squared cosine bell window multiplication was then applied in both dimensions before 2D Fourier transform. The cross-peak integrals were measured using the Bruker software. The peak volume of each cross-peak has been corrected by considering the contribution of the number of spins. The cross-peak intensity arising from N I equivalent spins I ( 1 H) and N S equivalent spin S ( . For all the experiments, the temperature was set and controlled at 300 K. The spectra were processed with Topspin software (Bruker, version 3.5) The HOESY build-up curve were drawn plotting the normalized integral of the heteronuclear cross peak versus the mixing time (τ). Quantitative NOEs were extracted by double-exponential fitting of the experimental curves according to Eq. 1 74 and after checking the assumption that R, the total relaxation rate, is equal for all H and F nuclei:
Computational details.
Molecular dynamic simulations were performed using the GROMACS 5.1.1 package 75, 76 . Interactions were described using an all-atoms potential [77] [78] [79] [80] [81] . The simulations were performed using a cubic box of 1000 ion pairs, where periodic boundary conditions were applied. Force field parameter files and initial configuration were created using the DLPGEN software ( 82 and http://webpages.fc.ul.pt/~cebernardes/ dlpgen_prog/Software_dlpgen.html (accessed on 02.03.2017)).
The equilibration procedure consisted of several steps, starting from a series of NPT simulations at high temperatures, using scaled partial charges, followed by progressive lowering of the temperature and increasing of the charges to their final value until an equilibrated system was obtained at 298.15 K and 1 bar, after a 15 ns run. After the mentioned equilibration phase, the system was run for further 15 ns, and then the trajectory of the last 5 ns was saved at a frequency of 1 ps for calculation of the structural properties. The simulations were always checked versus the experimental density and the energy profile. For the temperature coupling, we used a velocity rescaling thermostat 83 (with a time coupling constant of 0.1 ps), while for the pressure coupling, we used a Parrinello-Rahman barostat 84 (1 ps for the relaxation constant). The Leap-Frog algorithm with a 1 fs time step was used for integrating the equations of motion. Cut-offs for the Lennard-Jones and real space part of the Coulombic interactions were set to 15 Å. For the electrostatic interactions, the Particle Mesh Ewald (PME) summation method 85, 86 was used, with an interpolation order of 6 and 0.08 nm of FFT grid spacing. Selected graphs were done using Matplotlib 87 . Weighted structure factors were computed by using in-house developed software, accordingly to text book formulas as highlighted in recent Margulis's work 88 .
Results and Discussion. Figure 1 . It can be appreciated that Figure 1 . S-WAXS data from the series of [DEME][IM xx ] samples (0≤x≤4) at ambient conditions. In the inset the low Q portion is reported (covering the same Q range accessed by the SANS data set described in Figure 2 ). Figure 2 we report SANS data from these samples at ambient conditions. These data cover only a limited Q range as compared to the X-ray data set shown in Figure 1 ; nevertheless it can be appreciated the existence of the peak centred at Q II (ca. 0.8 Å -1 ), while Q III is outside of the accessible Q range. These data indicate however that when probing [DEME][IM xx ] ILs with x≥3, a distinct shoulder or peak emerges over the incoherent background. The position of this peak (Q I ) is found to depend on x (vide infra) and falls at Q values where the X-ray pattern is completely featureless (see inset of Figure 1 , where the same Q range is shown). The data shown in Figure 2 have been modelled assuming that peaks Q I and Q II can be described with two Gaussian functions and the background is a flat, incoherent, one. 95, 103, 104 ) are located at similar positions: peak Q I in asymmetric substituted cations is systematically located at slightly lower Q values than the same peak in the case of symmetrically substituted cations. Accordingly it makes sense the fact that the low Q peak observed in the present case of [IM 44 ]-based salt falls at a slightly larger Q value than the corresponding peak in the case of [IM 14 ]-based salts. 43 The present set of SANS data provides then the first direct experimental evidence of the existence of structural heterogeneities related to the spatial segregation of fluorinated tails in FRTILs, in agreement with the proposal by Ferreira et al. 51 . Such clusters originate from the assembly of fluorous tails embedded into the polar three dimensional matrix that is formed by the charged moieties that interact through strong Coulombic interactions, in a way that is very similar to the spatial segregation of alkyl tails in more common RTILs. Previously experimental reports where low Q peaks originated from the segregation of fluorous tails, such as those presented in refs. 35, 36 , refer to situations where the presence of strong hydrogen bonding (HB) interactions between ions drives the mutual segregation of incompatible moieties: the relatively high melting point of BAOF witnesses the major role played by HB in affecting the morphology of this class of system that eventually perform as 'poor ionic liquids" even at temperatures higher than room conditions. 35 The present choice of RTILs ensures that they have interesting Λ vs η
trend, as reported in the Walden plot in ref. 45 ; on the other hand, those data reflect the fact that upon elongating the fluorinated tails, a diminished ion diffusion is found, similarly to other related cases [105] [106] [107] , fingerprinting the development of van der Waals interactions between side chains embedded into segregated clusters. Molecular Dynamics simulations were conducted on two selected samples of the series [DEME][IM xx ], namely on samples with x=1 and 4. While a full description of these studies together with a comparison with other members of the family will be presented in a different contribution in the near future, here we present salient results that are pertinent to the present focus of fluorous tails segregation. As anticipated above, the main tool to be used in order to experimentally identify the existence of fluorous clusters is a comparison between SAXS and SANS experimental patterns (compare Figures 1 and 2) . Accordingly, after prolonged equilibration, Molecular Dynamics (MD) trajectories have been interrogated to extract X-ray and neutron weighted computed scattering functions, S(Q). Figure 4 shows a comparison between computed diffraction patterns for [DEME] [IM 11 ] and [DEME][IM 44 ]. It clearly emerges that the employed potentials are capable to grasp the main experimental finding of this study, i.e. the present simulation set highlights the existence of the low Q peak in the SANS pattern from [DEME][IM 44 ] that is not present in its SAXS pattern. Such a result implies that we can safely interrogate these simulations in order to extract structural information at atomistic level to rationalise the experimental evidences. For illustration's sake, we show in Figure 5 a representative snapshot from the MD simulation of [DEME][IM 44 ], where we differently coloured the polar (the whole cation and the central part of the anion, i.e. the N(SO 2 ) 2 moiety) and the apolar (the fluorinated tails) moieties. The segregation of polar vs apolar moieties clearly emerges from this snapshot, identifying a spatial scale of the order of several Å that has a counterpart in the low Q peak observed both experimentally and computationally. Following well established approaches to interpret these features 47,88,108,109 , we decomposed the computed SAXS and SANS patterns into contributions that help in understanding the physical origin of the different diffraction features. Analogously to other related studies these graphs clearly show that the peak centred at Q II (approx. 0.8 Å -1 ) originates from the superposition of two peaks with positive amplitude (the ones associated to the correlations between ions of the same sign, i.e. cation-cation and anion-anion) and a peak with negative amplitude (the one associated to correlations between ions of opposite sign, i.e. cation-anion): this is the typical fingerprint of alternating charged layers that is found ubiquitously in ILs systems and leads to the presence of the peak centred at Q II .
On the other hand, in order to rationalise the nature of the low Q peak centred at the Q I position, a different partitioning of the neutron weighted S(Q) must be used. In particular several studies earlier showed that the low Q scattering features that is ubiquitous in ILs bearing a long enough apolar tail is the fingerprint of polar/apolar alternation characterising the structure at the bulk level. 47, 88, 108, 109 (but also 110 for the case of non-ionic compounds) Accordingly Figure 7 reports a decomposition of neutron weighted S(Q) in terms of components arising from polar-polar, apolar-apolar and polarapolar (P-P, A-A and P-A, respectively) structural correlations for the case of [DEME] [IM 44 ]. Inspection of this figure allows detecting the existence of two positive amplitude peaks (associated to P-P and A-A correlations) and a negative amplitude peak (associated to P-A correlations) whose combination delivers the low Q peak centred at ca. 0. Figure 9 . The CF 3 group was chosen because it is the end-of-chain group for all the anions and, as such, the ideal probe for the interdomain contacts. The NOE profile for [DEME] [IM 11 ] is here considered the reference for IL with no segregation of polar and apolar domains. The other profiles are proposed as a fingerprint of the anion-cation organisation as a function of the chain length. The picture clearly emerging from the profiles is that of a progressive and systematic change of the ions organisation with increasing length of the perfluoroalkyl tail. 11 ], such contact can be ascribed mainly to the formation of anioncation aggregates driven by Coulombic interactions. Figure 9 shows the radial distribution function for the F···H distance between the functional groups mentioned above, derived from the MD trajectories. The pattern shown for [DEME] [IM 11 ] (red curve) is characteristic of the charge alternation, with the absolute maximum due to the first neighbours at ca. 5 Å. Conversely, the curve for [DEME] [IM 44 ] (blue curve) shows a shallow, single maximum at about 9 Å, suggesting that the terminal CF 3 groups of the nonafluorobutyl chains interact with the polar domain at much larger distances, consistently with the picture of segregation of the fluorine-containing chains in an apolar domains adjacent to the polar ones, as depicted in Figure 5 .
Conclusion
This study allows detecting the existence of distinct structural heterogeneities in the mesoscopic scale that originate from the spatial segregation of fluorous tails in FRTILs. We stress that X-ray scattering turns out to be not the ideal probe to access such structural feature, due to contrast reasons. On the other hand neutron scattering allows probing in the most direct way the existence of a diffraction feature that nicely prompts for the existence of fluorous domains in the nm scale.
Similarly to the case of conventional RTILs with alkyl chains, the size of the apolar domains linearly depends on the chain length. NMR evidences further support this segregation model and Molecular Dynamics simulations allow determining unambiguously the polar vs apolar alternation mechanism that drives the formation of these segregated morphology. We can envisage the preferential dissolution of fluorous or greenhouse gases into these fluorous domains that might prompt for more accurate studies aiming at fully exploiting the opportunities provided by FRTILs in fields such as gas capturing, biphasic fluorous synthesis etc.
